To investigate the neural basis of age-related source memory (SM) deficits, young and older adults were scanned with fMRI while encoding faces, scenes, and face-scene pairs. Successful encoding activity was identified by comparing encoding activity for subsequently remembered versus forgotten items or pairs. Age deficits in successful encoding activity in hippocampal and prefrontal regions were more pronounced for SM (pairs) as compared with item memory (faces and scenes). Age-related reductions were also found in regions specialized in processing faces (fusiform face area) and scenes (parahippocampal place area), but these reductions were similar for item and SM. Functional connectivity between the hippocampus and the rest of the brain was also affected by aging; whereas connections with posterior cortices were weaker in older adults, connections with anterior cortices, including prefrontal regions, were stronger in older adults. Taken together, the results provide a link between SM deficits in older adults and reduced recruitment of hippocampal and prefrontal regions during encoding. The functional connectivity findings are consistent with a posterior-anterior shift with aging previously reported in several cognitive domains and linked to functional compensation.
ample of SM involves the everyday need to remember when and where a person meets people. On any given day a person may experience many different events, such as being at work or the grocery store or at a cocktail party, during which time the individual may meet several new people in each context. Without the ability to form a link between the people and the location (i.e., to bind item and source information), it would be impossible to later recall from where the individual knows someone.
Greater age-related impairments for SM than for IM have been demonstrated for a variety of stimuli and experimental paradigms (e.g., Chalfonte & Johnson, 1996; Kausler & Puckett, 1981a , 1981b Naveh-Benjamin & Craik, 1995; Park & Puglisi, 1985; Park, Puglisi, & Lutz, 1982; Spaniol, Madden, & Voss, 2006) . These findings are consistent with evidence that older adults are more impaired in recollection than in familiarity (Bastin & Van der Linden, 2003; Davidson & Glisky, 2002; Parkin & Walter, 1992) , which is a closely related distinction. However, very little is known regarding the neural basis of SM decline in older adults. To investigate this issue, we used functional magnetic resonance imaging (fMRI) to measure brain activity in young and older adults while they encoded faces, scenes, and face-scene pairs. To isolate activity related to successful encoding operations, we compared encoding activity for items that were subsequently remembered versus those that were forgotten (Paller & Wagner, 2002) . We focused on three brain regions assumed to play an important role in SM, the medial temporal lobes (MTLs), the prefrontal cortex (PFC), and the inferior temporal (IT) cortex, as well as on their interactions.
Within MTL, the region assumed to be most critical for SM is the hippocampus. The hippocampus is assumed to bind different aspects of a complex event into an integrated memory trace, thereby allowing SM and recollection (Eichenbaum, Yonelinas, & Ranganath, 2007; Johnson et al., 1993) . This idea is supported by evidence that amnesiacs with hippocampal damage are more impaired in SM than in IM (Giovanello, Verfaellie, & Keane, 2003; Kan, Giovanello, Schnyer, Makris, & Verfaellie, 2007; Kroll, Knight, Metcalfe, Wolf, & Tulving, 1996; Turriziani, Fadda, Caltagirone, & Carlesimo, 2004 ; but see Stark & Squire, 2003) and by functional neuroimaging evidence that the hippocampus shows greater activity during the encoding of associations among items than during the encoding of single items (Davachi & Wagner, 2002; Henke, Weber, Kneifel, Wieser, & Buck, 1999; Prince, Daselaar, & Cabeza, 2005; Sperling et al., 2001 ). Additionally, functional neuroimaging studies have linked the hippocampus to recollection rather than to familiarity (e.g., Ranganath et al., 2004) . Although there is substantial evidence that the structural integrity of the hippocampus declines during aging (for a review, see Raz, 2000; Raz et al., 2005) , evidence linking SM deficits in older adults to hippocampal dysfunction is scarce. Mitchell et al. (2000) found an age-related reduction in hippocampal activity during feature binding, but this study focused on working memory (encoding) and did not assess long-term episodic memory. A previous study from our laboratory (Daselaar, Fleck, Dobbins, Madden, & Cabeza, 2006) linked age-related reductions in recollection to attenuated hippocampal activity, but this study focused on retrieval rather than encoding. Thus, the first goal of the present study was to investigate the effects of aging on hippocampal activity during SM encoding.
PFC regions are assumed to be critical for SM because of their role in executive and organizational functions. During encoding, PFC is believed to organize incoming information, thereby enhancing binding in the hippocampus (Johnson et al., 1993; Moscovitch, 1992) . The role of PFC in SM is supported by evidence that frontal patients generally display greater deficits for SM than for IM (Butters, Kaszniak, Glisky, Eslinger, & Schacter, 1994; Janowsky, Shimamura, & Squire, 1989; Milner, Corsi, & Leonard, 1991; Shimamura, Janowsky, & Squire, 1990) . Similarly, functional neuroimaging studies have shown that PFC is more activated during retrieval for SM than for IM, including the retrieval of temporal order, spatial, location, and modality of presentation (Cabeza, Locantore, & Anderson, 2003; Cabeza, Mangels, et al., 1997; Hayes, Ryan, Schnyer, & Nadel, 2004; Kostopoulos & Petrides, 2003; Nolde, Johnson, & D'Esposito, 1998; Ranganath, Johnson, & D'Esposito, 2000; Rugg, Fletcher, Chua, & Dolan, 1999) . Finally, recollection has been shown to elicit greater activity than familiarity in several PFC regions (Daselaar, Fleck, Dobbins, et al., 2006; Dobbins, Rice, Wagner, & Schacter, 2003; Henson, Rugg, Shallice, Josephs, & Dolan, 1999) . As in the case of the hippocampus, evidence linking SM deficits in older adults to PFC dysfunction is meager. In older adults, PFC regions show pronounced atrophy (Pfefferbaum, Sullivan, Rosenbloom, Mathalon, & Lim, 1998; Raz et al., 2005; Resnick, Pham, Kraut, Zonderman, & Davatzikos, 2003) and reduced functional activity (for a review, see Dennis & Cabeza, 2008) . However, very few functional neuroimaging studies have directly linked reduced PFC activations in older adults to SM encoding deficits. Two early studies found age-related reductions in PFC activity during the encoding of word pairs , and a more recent study found such reductions during the encoding of face-name associations (Sperling, Bates, et al., 2003) . However, these studies used blocked designs and, hence, could not directly link changes in encoding activity to differences in successful encoding operations. Accordingly, the second goal of the present study was to investigate the effects of aging on PFC activity during SM encoding.
In addition to binding processes mediated by the hippocampus and organizational processes mediated by PFC, SM depends on successful perceptual processing in IT cortex. Given the use of faces and scenes stimuli in the present study, two relevant regions are the fusiform face area (FFA) and the parahippocampal place area (PPA). FFA is involved not only in face perception (Kanwisher, McDermott, & Chun, 1997; McCarthy, Puce, Gore, & Allison, 1997) but also in face encoding Kuskowski, & Pardo, 1999; Sperling et al., 2001) . Likewise, PPA contributes to both scene processing (Epstein & Kanwisher, 1998) and scene encoding (e.g., Kohler, Crane, & Milner, 2002; Kohler, Moscovitch, Winocur, & McIntosh, 2000) . Of particular relevance to the issue of SM, there is evidence that visual regions that mediate stimulus-specific processing also support accurate SM for these stimuli (e.g., Cansino, Maquet, Dolan, & Rugg, 2002; Kensinger & Schacter, 2006; Sommer, Rose, Weiller, & Buchel, 2005) . Although the anatomy of ventral pathway regions is well preserved in older adults (Raz, 2000) , there are functional changes in these regions during aging. First, activity in posterior brain regions, including IT, is reduced in older adults across a wide range of cognitive tasks (for a review, see Dennis & Cabeza, 2008) . These reductions are often accompanied by age-related increases in PFC regions ( posterior-anterior shift in aging [PASA] ), which have been attributed to functional compensation (Davis, Dennis, Daselaar, Fleck, & Cabeza, in press; Grady et al., 1994) . Second, the specialization of IT regions for different kinds of stimuli (e.g., faces vs. places) is also reduced by aging Payer et al., 2006) , a process that has been attributed to age-related neural dedifferentiation. Thus, the third goal of the study was to investigate whether age-related changes in IT cortex contribute to SM decline in older adults.
Finally, given that the foregoing regions cannot function in isolation, SM is assumed to depend on functional connectivity among MTL, PFC, and IT regions. This idea is supported by recent neuroimaging studies in which increased functional connectivity of these regions during successful encoding has been observed (Dickerson et al., 2007; Ranganath, Heller, Cohen, Brozinsky, & Rissman, 2005) . With regard to the effects of aging, there is evidence that changes in functional connectivity between PFC and the rest of the brain contribute to age-related encoding deficits . There is also evidence that changes in hippocampal connectivity contribute to memory impairments in older adults (Daselaar, Fleck, Dobbins, et al., 2006; Grady, McIntosh, & Craik, 2003; Gutchess et al., 2005) . However, the specific role of hippocampal connectivity in age-related SM decline is unknown. Therefore, the fourth goal of the study was to investigate this issue.
Traditionally, studies of SM have been restricted to designs in which a large number of items are tested as originating from a limited number of sources. Whereas such designs have many practical laboratory benefits, they are not completely analogous to what is experienced in the real world. Furthermore, although many SM studies present information from one of two sources (e.g., a male or a female voice, the left or the right side of the computer screen), there is nothing inherent in the definition of SM, as described by Johnson et al. (1993) , that would preclude the use of a unique source (a scene) with a unique item (a face). In fact, some studies (e.g., Schacter, Osowiecki, Kaszniak, Kihlstrom, & Valdiserri, 1994) have shown that age-related deficits in SM do not change as a function of the number of items associated with each source.
The current study aims to expand on previous work by making the current task more ecologically valid with the use of many unique stimuli pairings, based on the everyday example we discussed earlier, of remembering where a person met someone. The paradigm used in the current study is depicted in Figure 1 . Participants encoded faces, scenes, and face-scene pairs in different scans. Thus, unlike previous SM tasks, we did not link a limited number of sources with many unique items but used many unique face-scene pairings in the SM task. Furthermore, to effectively contrast SM with IM, we chose to use faces and scenes as our stimuli for item encoding. This allowed us to investigate not only the encoding of face-scene pairings but to parse out the separate contributions or demands associated with face and scene encoding in isolation.
To ensure attention to all stimuli, participants performed an N-back task. Only a few stimuli repeated, and these were not included in fMRI analyses. During retrieval, participants recognized faces, scenes, and pairs in different scans. In the case of faces and scenes, participants distinguished between studied and nonstudied stimuli, whereas in the case of face-scene pairs, they had to identify whether the source was the same or different (i.e., was the face-scene pairing identical to that which was presented during encoding). Delay between encoding and retrieval scans was varied across conditions and groups to attenuate differences in memory performance and control for potential differences in task difficulty. As noted above, successful encoding activity was isolated by comparing encoding activity for items that were subsequently remembered versus those that were forgotten, a difference referred to as difference in memory (Dm). Thus, our paradigm provided three different types of Dm: face Dm, scene Dm, and source Dm. When we refer to both face and scene Dm, we use the term item Dm.
As noted previously, the study had four main goals. The first goal was to investigate the role of MTL regions in SM decline in older adults. On the basis of previous research, we predicted a greater age-related reduction of source Dm than item Dm in the hippocampus. The second goal was to examine the role of PFC in SM age-related deficits. Again, previous research led us to predict that some PFC regions would show greater age-related reductions in source Dm than in item Dm. The third goal was to investigate the contribution of IT cortex to SM difficulties in older adults. In particular, we examined whether age-related changes in FFA and PPA would differentially influence source Dm versus item Dm. Finally, the fourth goal was to explore age-related changes in hippocampal connectivity with PFC and IT regions during SM encoding. Figure 1 . Example of stimuli in the item memory (e.g., face, scene) and source memory (face-scene pairs) conditions for both encoding and retrieval. During encoding, participants engaged in a two-back working memory task, and during retrieval they performed a recognition task with three responses: definitely old, probably old, or new. Face stimuli are from the Color FERET (Facial Recognition Technology) database (Phillips, Moon, Rizvi, & Rauss, 2000; Phillips, Moon, Rizvi, & Rauss, 1998 
Method

Participants
Fourteen healthy young adults (6 women, 8 men; mean age ϭ 19.4 years; mean education ϭ 13.2 years) and 14 healthy older adults (9 women, 5 men; mean age ϭ 68.4 years; mean education ϭ 17.1 years), screened for contraindications to magnetic resonance imaging (MRI), participated in the study (see Table 1 for neuropsychological test results). All participants gave written informed consent and received financial compensation. All experimental procedures were approved by the Duke University institutional review board.
Materials
See Figure 1 for examples of stimulus materials. Face stimuli consisted of 693 faces gathered from the following databases: the Color Facial Recognition Technology (FERET) database (Phillips, Moon, Rizvi, & Rauss, 2000; Phillips, Wechsler, Huang, & Rauss, 1998) , the Adult Face database , the AR Face database (Martinez & Benavente, 1998) , and the Computer Vision Lab (CVL) Face Database (Solina, Peer, Batageli, Juvan, & Kovac, 2003) . Scene stimuli consisted of 693 indoor and outdoor scenes gathered from the Internet. Using Adobe Photoshop CS2 version 9.0.2 and Irfanview 4.0 (http://www.irfanview.com/), we edited face stimuli to a uniform size (320 ϫ 240 pixels) and background (black), and scene stimuli were standardized to 576 ϫ 432 pixels. Face-scene pairs were created with a custom MatLab (Version 6.1) script that overlaid faces on scenes, and images were standardized to 576 ϫ 432 pixels. Neuropsychological test materials were composed of the Cambridge Neuropsychological Test Automated Battery (CANTABeclipse, Version 2.0; Cambridge Cognition, Cambridge, United Kingdom), a computerized battery of neuropsychological tests designed to assess verbal and visual episodic and working memory, executive functions, attention, and language with a personal computer equipped with a touch screen display.
Procedure
Completion of the experiment required three visits to the laboratory. During the first visit, neuropsychological testing was completed with the CANTAB. A brief pilot version of the experimental task was also administered to ensure sufficient memory performance during the scanning sessions. Participants whose neuropsychological test performance was two or more standard deviations below age-matched normative data on two or more CANTAB subtests or whose pilot test performance fell below chance or resulted in too few missed trials were excluded from the scanning sessions.
Scanning consisted of two sessions, scheduled approximately 24 hrs apart. For both scanning sessions, participants were placed supine on the MRI table and fitted with earplugs and earphones; their heads were then stabilized with cushions. The participants were moved into the bore of the scanner, and three-plane localizer scans were collected, followed by functional scanning. Stimuli were presented via a mirror in the head coil and a rear projection system with a personal computer programmed with Cogent, a stimulus presentation toolbox within Matlab. Button responses and response times were recorded with a magnetically shielded fourbutton box held in the participant's right hand. After completion of the second scanning session, participants were debriefed.
Session 1 consisted of collection of diffusion weighted and high-resolution structural images and one eight-run set of eventrelated functional imaging (see Image Acquisition section for details). Session 2 consisted of two more eight-run sets of eventrelated functional scanning, separated by a 5-min break. Each eight-run set consisted of four encoding runs (1 scene, 1 face, and 2 source [face-scene pair]) and four recognition runs (1 scene, 1 face, and 2 source).
During encoding, participants performed an N-back (N ϭ 2) working memory task. That is, for every trial presented at encoding, participants had to determine whether the current stimulus matched the stimulus presented two trials earlier. The goal of using the N-back task during encoding was to ensure that participants were attending to the stimuli (and in the case of the source trials, 
Age ( attending to both items). Furthermore, in the case of the source trials, distractors during encoding were presented such that sometimes only the face or only the scene was repeated, but the other item was new. This was done to further ensure that participants encoded both the item and the source within each encoding trial.
To eliminate the effects of multiple presentations, repeated items on N-back trials (or those trials that repeated during encoding) were not brought to retrieval and thus were not used in the subsequent memory analysis. Each item (face and scene) encoding run consisted of 48 trials, 32 of which were critical encoding trials and thus used as targets during retrieval (this resulted in a total of 96 targets in each of the item conditions); source encoding runs consisted of 39 trials, 21 of which were critical encoding trials (consisting of unique face-scene pairings) and thus used as targets during retrieval (this resulted in a total of 126 targets in the SM condition). Again, source retrieval consisted of either (a) targets, in which the identical face-scene pairing from encoding were presented; (b) distractors, where only one of the elements was old and the other new; or (c) distractors, where both elements were old (previously presented during encoding) but were recombined to form a new face-scene pairing. During recognition, participants made memory judgments using a 3-point scale: definitely old, probably old, or new. Each item recognition run consisted of 32 memory targets and 25 lures (i.e., new faces or scenes), and each source recognition run was composed of 21 memory targets and 8 lures (i.e., recombination of previous face-scene pairings presented during encoding, but not as part of any target trial). Intertrial jitter ranged from 750 to 1,500 ms to facilitate deconvolution of the hemodynamic response (Dale, 1999) . Presentation rate and delay between encoding and recognition were varied between conditions to equate for memory performance within and between participants and groups and were based on extensive piloting. Delay between scene encoding and recognition was approximately 31 min for both groups. The delay between face encoding and recognition was approximately 23 min for young adults and 14 min for older adults, whereas the delay for source trials was 9 min and 4 min, respectively. By manipulating delay, we sought to reduce the possibility that age differences were due to increased task difficulty for SM relative to IM.
Image Acquisition
Images were collected on a General Electric 3.0 Tesla Signa Excite high-density short bore scanner (Milwaukee, WI), equipped with an eight-channel head coil. 2 matrix, and a slice thickness of 1.9-mm), whole-brain functional images were acquired parallel to the anterior-posterior commissure plane with an inverse spiral sequence (direction ϭ interleaved, matrix ϭ 64 2 , FOV ϭ 24 cm, TR ϭ 2,000 ms, TE ϭ 30 ms, sections ϭ 34, thickness ϭ 3.8 mm, interscan spacing ϭ 0). Functional scanning lasted approximately 45 min and occurred in eight runs (item encoding runs ϭ 3 min, 7 s; source encoding runs ϭ 3 min, 13 s; item recognition runs ϭ 4 min, 36 s; source recognition runs ϭ 3 min, 13 s). After completion of functional scanning, diffusionweighted images, which are not reported here, were collected. Image acquisition during Session 2 was identical to that in Session 1, although in Session 2 functional scanning consisted of 16 runs and diffusion-weighted images were not collected. Total scan time in Session 2 was approximately 120 min.
Image Processing
Functional data were preprocessed and analyzed with SPM2 (Statistical Parametric Mapping).
1 Time series were corrected for differences in slice acquisition times and realigned. Functional images were spatially normalized to a standard stereotaxic space, using the Montreal Neurological Institute (MNI) templates implemented in SPM2 and resliced to a resolution of 3.75 mm 3 . The coordinates were later converted to Talairach space (Talairach & Tournoux, 1988) . Finally, the volumes were spatially smoothed with an 8-mm isotropic Gaussian kernel and proportionally scaled to the whole-brain signal. The hemodynamic response for each trial was modeled with the canonical hemodynamic response function. Serial correlations were estimated with an autoregressive AR (1) model. Data were high-pass filtered with a cutoff of 128 Hz, and global effects were removed (session-specific grand mean scaling, global scaling). Head motion was assessed prior to preprocessing. No individual moved more than 3 mm in any direction, in any run. Thus, no data were eliminated in either age group as a result of motion artifacts.
Statistical Analyses
In each condition (scene, face, and source), subsequently remembered trials (i.e., encoding trials leading to a high-confidence "old" recognition response) and subsequently forgotten trials (i.e., encoding trials leading to a "new" or a low-confidence "old" recognition response) were modeled separately. The inclusion of low-confidence recognition responses with forgotten trials was based on the observed chance performance associated with this trial type (see below).
2 Repeated encoding trials and recognition trials, as well as confounding factors such as head motion and scanner drift were also included in the model and treated as regressors of no interest. Retrieval data will be reported in a subsequent publication. Within each group, Dm activations were identified by directly comparing subsequently remembered and forgotten trials at p Ͻ .005 with a minimum cluster size of 10 contiguous voxels. These results were subsequently used as an inclusive mask for identifying aging effects at p Ͻ .05 and 10 contiguous voxels. Thus, we only considered activations that passed two thresholds: those that (a) showed a significant Dm effect (remember Ͼ forgotten) within one of the groups ( p Ͻ .005) and (b) showed an age group difference in the Dm effect ( p Ͻ .05). The conjoint probability following inclusive masking approached p ϭ .00025 (Fisher, 1950; Lazar, Luna, Sweeney, & Eddy, 2002) , but this estimate should be taken with caution given that the contrasts were not completely independent. This analysis approach was used in order to ensure that age differences were associated specifically with those regions that were critical to performance in a given age group. Furthermore, given our goals, we concentrated on the following regions: MTL, PFC, FFA and PPA. The results of the whole-brain analyses were masked with these four regions, further reducing the probability of false positives. The masks for the MTL and the PFC were defined with an anatomical library (Tzourio-Mazoyer et al., 2002) . The masks for FFA and PPA were functionally defined by contrasting raw face with raw scene activity and raw scene with raw face activity, respectively, across all 28 participants (young plus old) at a threshold of p Ͻ .001. Given that this contrast collapsed over encoding differences (remembered and forgotten trials) and age differences (young and older groups), the resulting masks were not biased by these factors.
Connectivity Analyses
To assess connectivity within the SM encoding network, we used the hippocampus as a seed region and examined correlations in whole-brain activity with hippocampal activity. The seed hippocampal voxel used was that which showed the greatest age difference in the event-related analysis for source Dm. This was done to identify whether age differences in connectivity between hippocampal activity and the rest of the brain also exist. A new model was created such that each trial in the model was uniquely coded as a separate event. This allowed us to correlate the time series activity of the seed region with the rest of the voxels in the brain, on a trial-by-trial basis. The validity of this design has been confirmed in previous studies Daselaar, Fleck, Dobbins, Madden, & Cabeza, 2006; Rissman, Gazzaley, & D'Esposito, 2004) . The goal of this exploratory analysis was to assess connectivity for SM; therefore, the analysis was constrained to subsequently remembered trials in the SM condition. As a second step, group averages (of hippocampal connectivity on SM trials) were calculated by using a one-sample t test on the resulting correlation maps (random effects). Group differences were again calculated with a multiple contrast approach. The between-groups two-sample t test was conducted at p Ͻ .05 with a minimum cluster size of 20 voxels, inclusively masking for effects of interest within each group ( p Ͻ .05 and a minimal cluster size of 20 voxels). Thus, as in the previous analyses, the resulting activity showing age-related differences in the functional connectivity with the hippocampus also had to be confirmed by differences observed in individual groups.
Results
Behavioral Results
Memory Performance
As described in the Method section, to attenuate performance differences, we manipulated study-test delays across conditions and across groups. Thus, the accuracy data in Table 2 do not reflect naturally occurring differences but rather the combined effect of these differences and our experimental manipulations. Despite our attempt to equate memory performance in young and older adults, a 2 (group: young vs. old) ϫ 2 (confidence: high vs. low) ϫ 3 (stimulus type: face vs. scene vs. source) analysis of variance (ANOVA) on corrected recognition scores (hits minus false alarms) revealed a significant group effect, F(1, 26) ϭ 4.36, p Ͻ .05, reflecting better performance in young than in older adults. This analysis also yielded a Stimulus Type ϫ Confidence interaction, F(2, 52) ϭ 21.68, p Ͻ .001, due to an effect of stimulus type for high-confidence responses (scenes Ͼ faces Ͼ source, all ps Ͻ .01) but not for low-confidence responses (all ps ns).
Given that participants' corrected recognition scores for lowconfidence responses were essentially zero (see rightmost column in Table 2 ), we formally investigated memory discrimination by comparing hits and false alarms. A 2 (group: young vs. older) ϫ 2 (confidence: high vs. low) ϫ 2 (memory trial: hits vs. false alarms) ANOVA yielded a Confidence ϫ Memory Trial interaction, F(1, 26) ϭ 113.84, p Ͻ .001. Follow-up t tests indicated that for high-confidence responses, hits were greater than false alarms, t(27) ϭ 14.70, p Ͻ .001, whereas for low-confidence responses, they did not differ, t(27) Ͻ 1, ns. Thus, only high-confidence responses showed a good level of memory accuracy, whereas low-confidence responses were essentially guesses. Therefore, to ensure that our fMRI analyses represented successful memory encoding, only high-confidence hits were classified as remembered, and low-confidence hits, together with the misses, were classified as forgotten. This approach has been used in other subsequent memory fMRI studies (Prince, Daselaar, & Cabeza, 2005; Schon, Hasselmo, Lopresti, Tricarico, & Stern, 2004; Sper- ling, . Furthermore, there were no group differences in either the high-or the low-confidence hit rate for each trial type (i.e., face, scene, source). We can thus be assured that levels of estimation efficiency were comparable across groups. It should be noted that despite our efforts to equate memory performance across groups and conditions, older adults still performed more poorly than younger adults, and both groups performed more poorly on SM than on IM tasks. Whereas the current study attempted to control for difficulty as it relates to successful performance by focusing on high-confidence trials in the neuroimaging analyses, it is certainly the case that differences in effort or difficulty may have contributed to the subsequent neuroimaging results. More work is necessary to equate performance without reducing the episodic quality of the memory task.
Encoding Response Times
To confirm that subsequent memory effects were not influenced by response times (RTs) during encoding, we analyzed encoding RTs on the basis of subsequent memory performance (see Table  3 ). A 2 (group: young vs. old) ϫ 2 (encoding success: remembered vs. forgotten) ϫ 3 (stimulus type: face vs. scene vs. source) ANOVA revealed a significant group effect, F(1, 26) ϭ 10.04, p Ͻ .01, which was due to slower responses in older adults. This analysis revealed a significant Group ϫ Stimulus Type interaction, F(2, 52) ϭ 6.12, p Ͻ .01. Follow-up pairwise comparisons indicated that this interaction was driven by significant differences across conditions in older adults (source Ͼ scene Ͼ face, all ps Ͻ .01) but not in younger adults (all ps ns). Notably, the main effect of encoding success and the interactions involving this factor were all nonsignificant (all Fs Ͻ 1), indicating that Dm effects did not reflect RT differences.
fMRI Results
Whole-Brain Results
Although the focus of the present study was on four a priori regions (MTL, PFC, FFA, and PPA), the results of whole-brain analyses are reported for the sake of completeness. Table 5 , selective age-related reductions in source Dm were found in hippocampal/parahippocampal regions and PFC regions. All of the following results represent age differences in activations (as opposed to deactivations); specifically, results represent age differences in Dm activity or the difference in activations associated with subsequent memory success compared with subsequent memory failures.
Medial Temporal Lobes
Item Dm. No age-related differences were found in the hippocampus for face or scene Dm. Age-related decreases were found in the left amygdala (peak: Ϫ26, Ϫ1, Ϫ16) for face Dm. When the extent threshold was lowered to 5 voxels, an age-related decrease was found in bilateral posterior parahippocampal cortex (left peak: Ϫ30, Ϫ37, Ϫ8; right peak: 19, Ϫ37, Ϫ8) for scene Dm. No MTL region showed age-related increases in either face or scene Dm.
Source Dm. Consistent with our first prediction, an age-related reduction in source Dm was found in the left hippocampus (peak: Ϫ30, Ϫ37, Ϫ5). This activation is displayed in Figures 2 and 4a . To determine whether this age-related reduction in hippocampal activity was unique to the source Dm condition, we masked out voxels that showed either face Dm or scene Dm at a lenient p Ͻ .05 threshold. Note that because we used a lenient threshold for the exclusive mask, this, in fact, made the criteria for source Dm more stringent. After excluding face and scene Dm activation, the age differences in hippocampal source Dm remained significant. Peak activity within this cluster was analyzed with a 3 (condition: face vs. scene vs. source) ϫ 2 (Dm: remembered vs. forgotten) ϫ 2 (age group: young vs. older) ANOVA. Although the three-way interaction was not significant, separate ANOVAs on each condition showed only a significant Age ϫ Dm interaction in the source condition, F(1, 26) ϭ 17.15, p ϭ .0003, but not in the face condition, F(1, 26) ϭ 2.48, p ϭ .13, or the scene condition, F(1, 26) ϭ 2.79, p ϭ .11. Thus, source Dm in the hippocampus was significantly attenuated by aging, whereas the effect of aging on item Dm in the hippocampus was not significant.
Prefrontal Cortex
Item Dm. Age-related decreases for face Dm were found in left dorsolateral (peak: Ϫ41, 9, 38) and ventrolateral (peak: Ϫ48, 30, 9) PFC regions. No frontal region showed an age-related increase in face Dm activity. Conversely, age-related reductions in scene Dm were not observed, but age-related increases were observed in several PFC regions, including dorsolateral regions in both hemispheres (left peak: Ϫ23, 35, 37; right peak: 52, 15, 17).
Source Dm. Consistent with our second prediction, an agerelated reduction in source Dm was found in bilateral dorsolateral PFC (left peak: Ϫ45, 20, 27; right peak: 48, 9, 31) and medial superior frontal gyrus (peak: Ϫ4, 10, 62). Again, to assess whether this difference was specific to source Dm, we excluded voxels that also showed face or scene Dm activity at a lenient p Ͻ .05 Note. H ϭ hemisphere; BA ϭ Brodmann area; L ϭ left; R ϭ right; M ϭ medial; PFC ϭ prefrontal cortex. a Item Dm was masked out.
Figure 2. Age-related hippocampal deficit in source memory encoding. The bar graphs display differences in the effect size (difference in parameter estimates) of activations for subsequent high-confidence hits versus subsequently forgotten trials (low-confidence hits and misses) during encoding for each memory condition. Activations were extracted from the peak voxel of the source memory encoding condition. Dm ϭ difference in memory; diff. ϭ difference.
Inferior Temporal Cortex
Item Dm. Both face and scene Dm were characterized by age-related activity reductions in visual processing regions. The FFA and PPA regions of interest were used to isolate activity in each region (see Figure 5) . Specifically, age-related decreases for face Dm were observed within bilateral FFA (left peak: Ϫ26, Ϫ84, 4; right peak: 45, Ϫ51, Ϫ7). For scene Dm, older adults again demonstrated a reduction in activity in ventral visual cortex, spanning bilateral parahippocampal gyrus, fusiform gyrus, and specifically PPA (left peak: Ϫ30, Ϫ48, Ϫ7; right peak: 30, Ϫ52, Ϫ13). Older adults showed no age-related increases in activity in IT cortex relative to young adults.
Source Dm. Older adults exhibited decreased activity throughout IT cortex during the source Dm condition. After masking out face and scene Dm, we found that no region in posterior visual cortex showed age-related reductions specific to source Dm. Thus, the effects of aging on FFA and PPA were not specific to source Dm and were shared with face or scene Dm. This idea was further investigated with Age ϫ Dm ANOVAs performed on activity extracted from bilateral FFA and PPA regions. In bilateral FFA regions, significant Age ϫ Dm interactions were found not only in the source condition, left: F (1, 26) 
Connectivity Analyses
As listed in Table 6 , young as compared with older adults exhibited greater connectivity between the hippocampus and posterior brain regions, including bilateral MTL, posterior cingulate, right parietal, and IT regions. In contrast, older adults exhibited greater hippocampal connectivity with anterior brain regions, including anterior cingulate, bilateral ventrolateral PFC, right dorsolateral PFC, and superior frontal cortex (see Figure 6) . These results suggest a posterior-anterior shift in the pattern of agerelated differences in regions that show co-activation with the hippocampus.
Discussion
The current study used event-related fMRI to examine the effects of aging on the neural correlates of SM and IM encoding. The study yielded four main findings. First, hippocampal activity associated with successful SM encoding was reduced in older adults compared with young adults. Second, PFC activity associated with successful SM encoding was also reduced in older adults compared with young adults. In both hippocampus and PFC, age-related reductions in successful encoding activity were significant for SM but not for IM. Third, compared with young adults, older adults also showed reduced successful encoding activity in bilateral FFA and PPA regions. Unlike reductions in hippocampal and PFC regions, reductions in FFA and PPA reductions were similar for SM and IM encoding. Taken together the first three findings indicate that age-related changes in hippocampal and PFC functions have a greater impact on SM compared with IM, whereas age-related changes in ventral visual regions have similar effects on SM and IM. Finally, functional connectivity analyses indicated that hippocampal connectivity shifts from stronger interactions with posterior cortices in young adults to stronger interaction with Figure 3 . Age-related frontal deficits in source memory encoding. The bar graphs display differences in the effect size (difference in parameter estimates) of activations for subsequent high-confidence hits versus subsequently forgotten trials (low-confidence hits and misses) during encoding for each memory condition. Activations were extracted from the peak voxel of the source memory encoding condition. PFC ϭ prefrontal cortex; Dm ϭ difference in memory; diff. ϭ difference.
anterior cortices, including PFC, in older adults. The latter change may reflect functional compensation for a decline in hippocampal function. The four main findings are discussed in separate sections below.
Medial Temporal Lobes
Consistent with our first prediction, the hippocampus showed an age-related reduction in successful encoding activations (Dm) in the SM condition (see Figure 2, 4a) . The hippocampal reduction was significant in the SM condition but not in the IM conditions (face and scene). These findings are consistent with the assumption that age-related changes in hippocampal function have a greater impact on SM than on IM. It should be noted, however, that even if the age-related Dm reductions in the hippocampus were significant for SM but not for IM, differences between SM and IM conditions were more graded than absolute. A graded pattern is not inconsistent with the idea that the hippocampus plays a more critical role in SM than in IM, in part because memory conditions are never pure. For example, single faces may elicit mental associations (e.g., "this person seems friendly"), which may contribute to the ability to recognize the face in a subsequent test (i.e., recollection). In addition, although we classified memory for scenes as IM, scenes are complex stimuli involving multiple associations, which is an important component of SM.
At a theoretical level, the finding that older adults showed reduced source Dm in the hippocampus is consistent with accounts that emphasize the role of binding deficits in explaining older adults' difficulties with SM (Johnson et al., 1993; NavehBenjamin, 2000) . For example, Naveh-Benjamin's (2000) association deficit hypothesis posits that older adults have difficulty in forming and retrieving associations between different pieces of information. Whereas this behavioral theory posits no functional or anatomical conjectures as to the neural basis of the hypothesized deficit, subsequent research has firmly linked the hippocampus to both binding (e.g., Davachi & Wagner, 2002; Prince et al., 2005; Sperling et al., 2001 ) and relational memory processes (Eichenbaum, 1999) . Thus, given the presumed role of the hippocampus in relational memory, our first finding is consistent with previous behavioral studies suggesting that older adults have a specific deficit in binding individual items into a coherent representation (Chalfonte & Johnson, 1996; Johnson et al., 1993) . Combined with recent work indicating that age-related differences in SM are unaffected by culture (Chua, Chen, & Park, 2006) , the current study suggests that, despite differences in stimuli processing across cultural boundaries (Gutchess, Welsh, Boduroglu, & Park, 2006) , age deficits in SM associated with the hippocampus may be universal (see also Goh et al., 2007) and a direct result of neural and functional changes in aging.
At an empirical level, our first finding extends available functional neuroimaging evidence linking SM decline to age-related changes in hippocampal function. For example, the fMRI study by Mitchell et al. (2000) found an age-related reduction in hippocampal activity during binding in working memory. Young participants showed greater hippocampal activity while simultaneously maintaining object and location information than while maintaining these features independently. Older adults did not show this difference. The present study extends this finding in two ways: (a) by means of the subsequent memory paradigm, it directly links age-related reduction in hippocampal activity specifically to a deficit in successful episodic encoding operations and (b) by testing memory after a longer delay, it demonstrates the contribution of the hippocampal reduction to long-term SM decline in older adults. Our first finding also extends the results of a previous study from our laboratory , in which we found an age-related reduction in hippocampal activity related to the recollection of single words during retrieval. The present finding broadens this finding by demonstrating a hippocampal reduction during encoding rather than during retrieval and by testing memory for associations between distinct items (faces and scenes).
One interesting difference between our word recollection fMRI study and the present study is that in the former study, age-related reductions in recollectionrelated activity in the hippocampus were accompanied by an age-related increase in familiarity-related activity in rhinal cortex. We interpreted the latter finding as reflecting functional compen- Figure 5 . Age-related deficits in both fusiform face area (FFA; blue) and the parahippocampal place area (PPA; red). For display purposes, activations were extracted from the face and scene difference in memory (Dm) conditions for FFA and PPA, respectively, and masked for face Ͼ scene activity and scene Ͼ face activity, respectively. The bar graphs display differences (diff.) in the effect size (difference in parameter estimates) of activations for subsequent high-confidence hits versus subsequently forgotten trials during encoding for each memory condition. Activations were extracted from the peak voxel of the source memory encoding condition. Note. H ϭ hemisphere; BA ϭ Brodmann area; L ϭ left; R ϭ right; M ϭ medial; PFC ϭ prefrontal cortex.
sation. The dissociation between the effects of aging on the two MTL regions is consistent with their presumed roles in recollection and familiarity (e.g., Brown & Aggleton, 2001 ) and their differential sensitivity to age-related atrophy (Raz et al., 2005) . One possible explanation for the absence of an age-related increase in rhinal activity in the present study could be that this effect is specific to retrieval. Another possibility is that familiarity cannot compensate for reductions in recollection in SM tests (e.g., identical vs. recombined face-scene pairs), because these tests measure mainly recollection (Hockley & Consoli, 1999; Yonelinas, 1997) . The lack of MTL (or PFC) compensatory activations may also suggest that whereas older adults do not bind memories as effectively as younger adults during encoding, they may engage in compensatory processes during recognition when retrieving memory details (i.e., item and source). We are presently investigating this theory. At any rate, further research is required to determine the conditions under which older adults do or do not recruit familiarity-related rhinal activity to compensate for reductions in recollection-related hippocampal activity.
Prefrontal Cortex
Consistent with our second prediction, PFC regions showed an age-related reduction in successful encoding activations (Dm) in the SM condition (see Figures 3, 4b, and 4c) . Within the PFC regions that showed age-related reductions in source Dm, agerelated decreases in item Dm (face and scene) were not significant. These findings are consistent with the assumption that PFC decline in older adults has a greater impact on SM than on IM. However, there were other PFC regions where significant age-related Dm reductions were also found for IM (see Table 5 ). Thus, we conclude that changes in PFC function contribute to SM decline in older adults, but they may also contribute to their IM decline.
The finding that older adults showed reduced source Dm in PFC is consistent with accounts that emphasize the contribution of frontal lobe decline to cognitive deficits in older adults (Moscovitch & Winocur, 1995; West, 1996) . Within the memory domain, this finding is consistent with the hypothesis that PFC regions mediate the organization of incoming information during encoding (e.g., Johnson, 1992; Moscovitch, 1992) . Among other findings, this idea is supported by evidence that age-related decline in binding is augmented when participants are given intentional encoding instructions, which tend to benefit young adults more than older adults (Naveh-Benjamin, 2000) . Also, there is evidence that older adults do not spontaneously use encoding strategies or use only shallow strategies (e.g., Naveh-Benjamin, 2000; Smith, Park, Earles, Shaw, & Whiting, 1998) . In the present study, participants were not provided with an explicit strategy for the N-back task and, hence, it is likely that older adults were not as effective as young adults in integrating the faces and the scenes in the source condition.
Additionally, a theory posited by Simons, Dodson, Bell, and Schacter (2004) suggests that limitations in executive and attentional resources, mediated by the PFC, contribute to SM deficits in aging. This theory builds on that of Spencer and Raz (1995) , who also showed that attention was a necessary component of SM. Whereas both theories are based primarily on behavioral evidence, the current study lends neuroimaging support, finding age deficits in right PFC for SM greater than those for IM. With executive and attentional processes linked to frontal functioning (for a review, see Giesbrecht, Kingstone, Handy, Hopfinger, & Mangun, 2006) , the current findings support the idea that limited resources in older adults hinder processes necessary for forming complex source memories. Whereas recent evidence also indicates that age-related attentional deficits in this region occur during IM (Dennis, Daselaar, & Cabeza, 2007) , previous research concludes that SM places greater demands on these resources (Gagnon, Soulard, Brasgold, & Kreller, 2007) . It is also possible that frontal regions mediate other tasks, such as binding in the hippocampus, possibly through topdown control mechanisms. Whereas this theory is not incompatible with the aforementioned theory, more work is necessary to distinguish the exact role of frontal cortices in SM encoding.
Previous research has also indicated that older adults often recruit additional PFC regions not activated by young adults (for reviews, see Cabeza, 2002; Dennis & Cabeza, 2008) . In the present study, age-related Dm increases within PFC were found in the scene condition but not in the face and source conditions. A possible explanation is that scenes are highly memorable stimuli that allow older adults to deploy compensatory strategies (Smith & Park, 1991) , whereas faces and face-scene pairs are more demanding stimuli that leave older adults with fewer cognitive resources available for compensation. One reason why scenes are easier to remember is that they provide rich and distinctive perceptual information and, at the same time, are nameable (e.g., pine forest, beach) and easier to link to preexisting knowledge (e.g., pine forests are found in colder climates). Thus, one may speculate that in the case of scenes, older adults were able to recruit compensatory processes on the basis of their preserved knowledge and semantic processing abilities (Burke & Shafto, 2004) . In contrast, unfamiliar faces are meaningless stimuli that older adults find difficult to remember (Bartlett & Leslie, 1986; Bartlett, Leslie, Tubbs, & Fulton, 1989; Boutet & Faubert, 2006; and, hence, less amenable to compensation. Finally, face-scene pairs are completely arbitrary and very demanding in terms of processing resources, leaving few resources available for compensation. The assumption that processing of scenes is easier than processing faces is supported by our pilot studies, which led to the decision to use longer study-test delays for scenes than for faces and pairs in order to attenuate performance differences across conditions and groups. This assumption is also supported by smaller age-related reductions in brain activity for scenes than for faces and pairs. The finding of age-related increases in PFC activity in the easiest memory condition is consistent with a functional neuroimaging study (Cabeza, Anderson, Houle, Mangels, & Nyberg, 2000) in which older adults showed greater PFC activity than young adults in the IM condition (old-new recognition) but not in the SM condition (recency discrimination). Thus, older adults may show compensatory PFC activity only when enough resources are available.
Inferior Temporal Cortex
Although IT regions may not play a direct role in binding per se, they are critical for the identification and differentiation of stimuli, which, in turn, is critical for forming distinctive memory representations. The current study found age-related reductions of source Dm in bilateral PPA and FFA (see Figure 5) . However, when age-related reductions in item Dm were excluded, the difference in source Dm disappeared, indicating that age-related Dm reductions in PPA and FFA were common for SM and IM encoding.
Age-related reductions in PPA and FFA activity are consistent with previous subsequent memory fMRI studies of IM and aging Gutchess et al., 2005) . This finding suggests that older adults may experience age-related reductions in encoding or differentiating fine details necessary for later memory. Such reductions in item-specific processing are not uncommon in aging. As noted, previous research suggests that older adults rely less on item-specific details in memory and more on familiarity or gist processing (e.g., Dennis, Kim, & Cabeza, 2007) . Whereas this age-related shift from recollection and detail-oriented memory processing to a more familiarity-based strategy has been most often linked to changes in hippocampal function, it may also be driven by a deficit in the initial visual processing of item-specific details. With younger adults showing greater activity in perceptual processing regions, such as FFA and PPA, for all memory conditions, including SM, evidence suggests that the quality of the incoming information may simply be greater in young adults. These results, in turn, lend support to Johnson et al.'s (1993) "source monitoring framework," which posits that SM depends on the quality of incoming information and, hence, any factor that impoverishes this information will also tend to reduce the ability to make accurate SM decisions. Moreover, research based on this framework has found that SM depends on stronger differentiation than does IM (Johnson, Kounios, & Reeder, 1994) , and a high degree of perceptual similarity between encoding events impairs older adults' SM performance (Ferguson, Hashtroudi, & Johnson, 1992) . At the same time, young adults showed greater connectivity between these perceptual processing regions and the region assumed to bind such incoming information, the hippocampus. To the extent that the current study used many faces and scenes as stimuli, older adults may have experienced difficulty encoding distinctive perceptual details of a given trial. As such, the impoverished perceptual trace may not have been enough to aid in SM judgments. Reduced perceptual encoding may arise from failures of item-specific processing regions. Dedifferentiation of visual cortices in aging (Chee et al., 2006; Park et al., 2004; Payer et al., 2006 ) may contribute to this encoding impairment.
Connectivity
Functional neuroimaging studies have shown that age-related cognitive changes reflect not only altered activity in individual brain regions but also changes in functional connectivity among these regions Della-Maggiore et al., 2000; Grady et al., 1994; McIntosh et al., 1999) . Thus, in order to understand the age-related decline in SM, it is important not only to examine age-related neural differences associated with each component of the SM network but also to examine differences in connectivity between regions. Because the hippocampus lies at the center of this network, we assessed age differences in whole-brain connectivity with function in this binding region. Results showed that older adults exhibited enhanced functional coupling between the hippocampus and PFC regions but reduced functional connectivity with IT regions involved in perceptual processing. Taken together with the aforementioned age-related Dm reductions in PPA and FFA, this finding suggests that whereas younger adults are able to bind visual information, perhaps with more efficient use of perceptually driven or automatic pro-cesses, older adults are less efficient in these processes. Increased frontal connectivity in older adults may therefore reflect a shift in the recruited SM encoding network. This shift may be related to strategic differences used by older adults in order to perform the task successfully. However, whereas older adults exhibit increased hippocampal-frontal coupling, they do not exhibit increased frontal activations in comparison with young adults. This evidence suggests that although they may be attempting to use their "typical" compensatory strategy, that is, increased frontal engagement (for a review, see Cabeza, 2002; Dennis & Cabeza, 2008; Davis et al., in press ), already drained resources (resources that are at their limit under SM conditions) may limit the effectiveness of this strategy.
This age-related change in neural connectivity with the hippocampus is consistent with a posterior to anterior shift in aging that has been reported in many functional neuroimaging studies across a wide range of cognitive processes, including visual perception, attention, encoding, and retrieval (for a review, see Dennis & Cabeza, 2008) . One possible interpretation of PASA is that older adults compensate for processing deficits in posterior brain regions by recruiting more anterior brain regions, particularly the frontal lobes. Whereas our analyses of source Dm activity did not yield age-related increases in PFC activity, connectivity results suggest that older adults do show increased engagement of hippocampal-frontal interactions associated with source encoding, consistent with a posterior to anterior shift in aging. The similarities and differences between recruiting a region by increasing its interactions with other components of the network versus recruiting a region by increasing its level of activity are unknown and deserve further study in both young and older adults.
Conclusions
This is the first study to investigate the neural mechanisms that underlie age-related impairments in episodic SM binding. Our findings indicate that older adults exhibit a more pronounced difficulty in recruiting hippocampal and PFC regions to support successful SM encoding compared with that seen for successful IM encoding. These results are consistent with cognitive hypotheses proposing that, in comparison with young adults, older adults are impaired in binding or associating units of information together to form a cohesive memory (Chalfonte & Johnson, 1996; NavehBenjamin, 2000; Naveh-Benjamin, Brav, & Levy, 2007) . Whereas automatic binding is assumed to be mediated by the hippocampus, strategic operations managing this binding process are assumed to be mediated by PFC regions (Johnson et al., 1993) . Older adults also exhibited age-related reductions in stimulus-specific processing regions for both IM and SM encoding. Consistent with previous research indicating age deficits in stimulus-specific processing , results suggest an age deficit in processing incoming information necessary for binding. Finally, connectivity analyses with the hippocampus used as a seed region revealed a posterior-anterior shift in age-related activity that is co-activated with the hippocampus. The age-related increase in hippocampalprefrontal connectivity may serve a compensatory function (Dennis & Cabeza, 2008) . Taken together, the results suggest that disruptions in the neural processes mediating successful SM encoding may contribute to SM deficits in older adults.
